The activity of several 3-[v-(4-arylpiperazin-1-yl)alkyl]pyrimido [5,4-c] quinolin-4(3H)-ones (LCAPs) with well-defined serotonin 1A (5-HT 1A ) receptor affinity was described by using chromatographic and calculated physicochemical parameters in quantitative structure-activity relationship analysis. Normal-phase thin-layer chromatography plates impregnated with solutions of L-aspartic acid, L-serine, L-phenylalanine, L-tryptophan, L-tyrosine, L-asparagine, L-threonine and their mixtures (denoted as S1-S11 biochromatographic models) were used with two mobile phases as a model of the interaction between LCAP and 5-HT 1A receptors. Molecular descriptors for the investigated compounds were calculated by using HyperChem and ACD/Labs programs. The significant relationship explains that 82% of the variance was successfully validated by leave-one-out and leave-many-out tests. The results demonstrated that this model has significant predictive ability and can be used for the preliminary screening of newly synthesized potential 5-HT 1A receptor ligands.
Introduction
Serotonin (5-HT) is a significant neurotransmitter that plays an important role in many physiological and pathophysiological processes, including developmental, cardiovascular, gastrointestinal and endocrinal functions; thermoregulation; sensory perception; and behaviors such as aggression, appetite control, sexual activity, sleep -wake cycle, mood, cognition and memory (1 -4) . From 14 known serotonin receptor subtypes (seven classes) the serotonin 1A (5-HT 1A ) receptor was the first to be cloned and fully sequenced (5, 6) . It is also one of the most extensively studied, due to its involvement in psychiatric diseases such as anxiety and depression (7, 8) .
The 5-HT 1A receptors represent a large super-family of monoamine G-protein-coupled receptors (GPCRs). It is an important group of cell membrane proteins that exhibits many structural similarities, such as seven a-helical transmembrane domains (TMH1 to TMH7) connected to each other by three flexible intracellular and extracellular loops, with an extracellular amino terminus and an intracellular carboxyl-terminal tail (9) . They are divided into six primary classes based on sequence homology and functional similarity. The 5-HT 1A receptors belong to the largest Class A of GPCRs called rhodopsin-like receptors. The human protein of the 5-HT 1A receptor is composed of 422 amino acids. Its central core that is involved in ligand recognition and binding is formed by the perpendicularly oriented transmembrane domains, composed of 25 -35 hydrophobic amino acids embedded in the phospholipid plasma membrane (10) .
The amino acid residues participating in ligand bindings have been identified by the construction of pharmacophore models or mutagenesis studies (11 -13) . These studies revealed the significant roles of Asn7.39, Ser5.42 and Thr5. 43 , and particularly Asp3.32 (the anchoring point for both agonists and antagonists), which forms an ionic interaction between the protonated nitrogen atom of the arylpiperazine derivatives (14) .
Currently, apart from experimental approaches, molecular modeling techniques are the most frequently used to construct three-dimensional models of receptors and predict the binding orientation of newly synthesized compounds. Although the crystal structure of the 5-HT 1A receptor has not yet been solved, models of its homology are generated by using rhodopsin as a template. Resolving the crystal structure of bovine rhodopsin, published at atomic resolution by Palczewski et al. (15) , resulted in the publication of many studies describing the interaction of arylpiperazine ligands with the hydrophobic part of the rhodopsin-based model of the 5-HT 1A receptor (16) (17) (18) . The computer-designed binding pocket and docking analysis allowed all amino acid residues to be defined in the putative binding sites and indicated types of interaction, stabilizing the receptor-ligand complex. Aspartic acid (Asp), serine (Ser), tryptophan (Trp), threonine (Thr), tyrosine (Tyr) and phenylalanine (Phe) belong to the essential biologically active elements (19) .
The 3-[v-(4-arylpiperazin-1-yl)alkyl]pyrimido [5,4-c] quinolin-4(3H)-ones (LCAPs), described in a previous study (20) , bind into receptor models in a similar way to that described previously (21, 22) . The phenyl substituent interacts with phenylalanine buried deep in the binding pocket (Phe6.51, Phe6.52), protonated piperazine nitrogen is anchored by aspartic acid (Asp3.32) and the terminal part interacts with phenylalanine and/or tyrosine (Tyr2.64, Phe3.28, Tyr7.43) residues.
The process of receptor binding is dynamic in nature, as is the distribution process of the solute in chromatography. The same intermolecular interactions determine the behavior of chemical compounds in both biological and chromatographic environments, especially when the chromatographic systems contain bioactive chemical entities that are significant for biological interaction. Chromatographic systems including chemical elements of the biological environment (biochromatographic system), simulate conditions of the interactions between studied compounds in a living organism; thus, the data obtained from such research are used very frequently in quantitative structure -activity relationship (QSAR) studies (23 -33) . QSAR analysis is a useful tool to predict the biological activity of molecules from their chemical structure.
The aim of this research was to apply chromatographic and computer-calculated physicochemical data to build analytical models, which are useful in predicting the biological activity of potential 5-HT 1A ligands. The approach should facilitate the preselection of drug candidates and reduce the costs and use of laboratory animals.
Experimental

Examined compounds
In this work, the LCAPS were used as hydrochlorides (Compounds 1 -36), with a 2-4 methylene spacer between the terminal amide and the 4-arylpiperazine moiety and various substituents in the phenyl ring. The derivatives were prepared; their activity toward serotonin receptors has been previously described (20) . In a biological in vitro study of LCAPs, Compounds 1 -36 demonstrated a nanomolar affinity for the 5-HT 1A receptor (expressed as K i values from 6 to 514 nM) and moderate to low affinity for 5-HT 2A and 5-HT 7 receptors. The structural features of Compounds 1-36 and their 5-HT 1A receptor affinity values (K i , nM) are presented in Table I .
Chromatography
A normal-phase thin-layer chromatography (NP-TLC) system was used for determination of the chromatographic data. The analysis was conducted in two variants of the mobile phase (denoted as DS A and DS B , and at pH 7.4 and 0.02 M): acetonitrile -methanol -ammonium acetate buffer (40:40:20, v/v/v; DS A ) and acetonitrile -methanol-methylene chloride-ammonium acetate buffer (60:10:10:20, v/v/v/v; DS B ). Glass TLC silica gel 60 F 254 plates (20 Â 20 cm; Merck, Darmstadt, Germany) were used as the stationary phase. Under these conditions of chromatography, the amino acids used for the impregnation of plates are rather motionless (R F -solutes . R F -amino acids; R F , retardation factor).
All plates were submitted to initial passage in the presence of mobile phases DS A or DS B for 1.5 h and dried at ambient temperature. The stationary phase was modified by impregnation with 0.03 M L-amino acid solutions in an automatic TLC spray chamber (ChromaJet DS20; Desaga Sarstedt-Gruppe, Wiesloch, Germany). The impregnated and dried adsorbent layers were ready for chromatography, providing the corresponding biochromatographic systems presented in Table II . Control analysis was performed by using plates (Control C: two for each type of mobile phase) without spraying L-amino acid solutions. All amino acids and mobile phase solvents were purchased from Sigma-Aldrich (Steinheim, Germany).
Compounds 1 -36 were weighed on analytical laboratory scales with 0.1 mg accuracy and dissolved in methanol to obtain 1.0 mg/mL concentrations. In 1.0 mL quantities, the compounds were applied onto the previously prepared plates by means of a Desaga AS 30 TLC applicator (Desaga Sarstedt-Gruppe) at 1.0 cm intervals. The distance from the lateral edges was 2.0 cm. The start line was set at the level of 2.0 cm from the lower edge of the plate. The chromatograms were developed in a horizontal chromatographic chamber with a DS-II-20 Â 20 eluent dispenser (Chromdes, Lublin, Poland) (34) (35) (36) to the height of 12.0 cm above the lower edge of the plate. The durations of chromatographic development were 40 + 2 min and 32 + 2 min for eluents DS A and DS B , respectively. The plates were scanned densitometrically at 254 nm by means of a Desaga CD 60 densitometer with Windows-compatible ProQuant software (Desaga Sarstedt-Gruppe). The R F values for the particular compounds were determined and the R M values (R M is a logarithmic form of Values were obtained from screening experiments, according to the procedure described in the study by Lewgowd et al. (20) . 
the R F values) were calculated according to the Bate-Smith and Westall equation (37) :
The R M values used for analysis constituted a mean from two reproducible experiments. R M(S1) -R M(S11) and R M(C) values for the analytes were presented in the course of the described quantitative analysis as S1 -S11 and C, respectively, whereas the derivatives of these results were denoted with the following symbols: C 2 S(1 -11) and S(1 -11)/C. The use of parameters of C 2 S(1 -11) and S(1-11)/C was justified in the study by Ż ydek and Brzezin´ska (33) . The results of chromatographic analysis are presented in Table III . ) and logarithm of the octanol/water partition coefficient (logP).
Calculation of the molecular descriptors
The distribution coefficient (logD) and the dissociation constant ( pKa) of Compounds 1-36 were calculated with ACD/ Labs version 8.0 (39) . The data are presented in Table IV .
Statistical analysis
The correlation and regression analyses were conducted with Statistica version 10.0 (40). The 5-HT 1A receptor binding affinity values (K i values) of Compounds 1 -36 were transformed to the negative logarithm of K i (-logK i ; pK i ) and used as dependent variables (Table IV) . The chromatographic data and the calculated molecular descriptors were applied as independent variables. The descriptors with higher correlation to the pK i and lower intercorrelation (R , 0.5) were selected to conduct stepwise multiple linear regression (MLR) analysis establishing the optimal mathematical models.
The statistical quality of the obtained equations was estimated by the parameters like the correlation coefficient (R), the squared correlation coefficient (the coefficient of determination, R 2 ), the variance ratio F and the standard error of estimate (s); the statistical significance ( p-level) of the results was determined as p 0.05. The predictive ability of the equations was evaluated by internal cross-validation procedures such as the leave-one-out (LOO) and leave-many-out (LMO) methods. These kinds of internal validation are recommended if the number of compounds is small (41, 42) . The detailed procedures were described in the study by Ż ydek and Brzezin´ska (33) . A LMO test was performed in which 25% of the compounds were deleted in each cycle. The models were developed from the rest of the compounds and used to predict the binding affinities of the deleted compounds in each cycle. The best equations were evaluated by the calculation of the following statistical parameters: 
Results
In this research, the LCAPs (Compounds 1 -36) with welldefined affinity (K i values) for this subtype of serotonin receptor (20) were used in QSAR studies. Compounds 1-36 demonstrated variable affinity for the 5-HT 1A receptor, primarilydepending on their chemical structures. Thus, ortho-substituted phenylpiperazine derivatives displayed the highest K i values and the methoxy group was the most favorable. Unsubstituted and metasubstituted phenylpiperazines were slightly less active, whereas compounds with substituents in the para-position and pyrimidine-piperazine analogues presented the lowest affinity. Elongation of the alkyl spacer also had an influence on 5-HT 1A activity. Compounds with a tetramethylene linker were more active than corresponding "shorter" analogs (20) .
Multidirectional studies of 5-HT 1A serotonin receptors have indicated that amino acid residues play the most important role in ligand-receptor interaction (11) (12) (13) (14) (15) (16) (17) (18) (19) . Thus, they were selected to create a biochromatographic environment imitating a binding pocket. Under the described conditions (all experiments were performed under the same conditions), the amino acids used for impregnation of stationary plates did not migrate. Table V presents regression models for the correlation between values of LCAP activity, expressed pK i , chromatographic data and molecular descriptors. This study limited the number of presented equations to that of the best regression model of the whole set: Eq. 8. Every descriptor in the regression equation must be independent. The correlation between all descriptors was calculated and is presented with a Pearson correlation matrix in Table VI . Graphical representation of the observed values versus the predicted LCAP activity (Table VII) given by Eq. 8 is presented in Figure 1 . The final mathematical model, with a correlation coefficient of 0.91, explains 82% of the total variance. This equation shows the effect of electronic properties (1 HOMO ) of the compounds on 5-HT 1A receptor binding affinity and the participation of the amino acids Phe and Trp in the creation of the drug -receptor complex.
Discussion
To find a relationship between the behavior of Compounds 1 -36 in biochromatographic systems (C, S1 -S11) and their affinity (expressed as pK i ), correlation and stepwise MLR analyses were used. Initially, the relationship was examined between the 5-HT 1A receptor pK i values of Compounds 1-36 and their behavior in a chromatographic environment without amino acids (Control C). The calculated R values were 0.27 and 0.21 for DS A and DS B phases, respectively (the regression equations are not presented), which proved that there is no significant relationship between pKi values of Compounds 1-36 and their C-chromatographic data. Therefore, it can be concluded that the observed distinct relationships (Eqs. 1 -2 in Table V) between the activities of Compounds 1 -36 with all biochromatographic models (S1 -S11) are a result of other effects than those described previously. Under the conditions of the experiment with DS A and DS B mobile phases, the binding affinity of Compounds 1 -36 toward the 5-HT 1A receptor was described on the basis of Models S3, S4, S6 and S9 (Eq. 1 for DS A ) and S1, S8 and S9 (Eq. 2 for DS B ). The relationships explain 42 and 27% (for DS A and DS B , respectively) of the variance and simultaneously describe the potential interactions between the ligands and amino acid residues: Phe, Trp, Asn, Asp and Ser. In this case, all types of interactions between the structural elements of the receptor hydrophobic pocket and the amino acids in the ligand -receptor complex are represented: stabilization of aromatic ligands rings by hydrophobic forces, in addition to ionic and hydrogen bonds. At the next stage of the study, the calculated molecular descriptors of Compounds 1 -36 were employed as regressors in the MLR analysis (Table IV) Based on the statistical analysis with the molecular descriptors (without biochromatographic data) a distinct relationship was obtained, described by Eq. 7. The correlation explains 70% of the R M(S1 -S11) : Retention parameters of the compounds in Model S1 -S11 environments of chromatography. The molecular descriptors were included with biochromatographic data in the regression analysis. The final mathematical models explain 82% (Eq. 8) and 76% (Eq. 9) of the total variance. Both the electronic properties (1 HOMO ) of Compounds 2, 3, 5, [13] [14] [15] 17, 20, [24] [25] [26] [27] [29] [30] 32, 34 and the participation of amino acids, such as Phe, Trp and Tyr (Models S3, S4 and S10) can be observed in the creation of the ligand -receptor complex.
This study limited the number of presented equations to the best regression model of the whole set. The satisfactory resulting model is given as follows, with statistical and validation parameters: pK i ¼ 14. and PRESS/SSY , 0.4. The relation R 2 adj , R 2 confirms that the model is not overparameterized. LOO cross validation applied to Eq. 8 shows a predicted variance of 80% (obtained variance 82%) and demonstrates that the model has significant predictive ability. These results show that the activity of these compounds is primarily determined by the 1 LUMO values, and that such analytical models can be construed on the basis of interactions of the compounds with the chromatographic environment containing chemical elements of drug-binding structures characteristic for serotonin receptors.
The obtained model can be used to predict the pharmacological activity of new drug candidates. It should facilitate preselection of drugs and simultaneously reduce costs and the use of laboratory animals.
Conclusions
In this paper, an MLR analysis was used to investigate the connections between pK i values of LCAPs with well-known 5-HT 1A receptor affinity, their chromatographic data obtained from proposed biochromatographic models and calculated molecular descriptors. It is evident that the distinct relationships obtained from regression analysis are a consequence of specific interactions between selected amino acid residues immobilized on all chromatographic stationary phases (S1 -S11) and the tested arylpiperazine derivatives (LCAPs) with binding constants K i , 100 nM.
The selected amino acids impregnating the stationary phase properly simulate the conditions of interactions in the hydrophobic pocket of the 5-HT 1A receptor. A lack of correlation between the activity of the compounds and their behavior in the control chromatographic environment confirmed the important role of L-amino acids (modifying the stationary phase of chromatographic systems), which create analytical drug -receptor interaction models.
A satisfactory result was obtained for statistical analyses. The final mathematical model explains 82% of the total variance. In this equation, the effect of 1 HOMO of compounds on 5-HT 1A receptor binding affinity and participation of the amino acids Phe and Trp can be observed in the creation of drug-receptor complex.
It seems that the predictive ability of QSAR models, based on biochromatographic data and molecular descriptors, demonstrating by LOO and LMO cross-validation procedures, should be useful to estimate the 5-HT 1A receptor binding affinity for similar compounds.
Biochromatographic data can describe the interactions of a compound with various amino acids, but there is no guarantee that this interaction will occur in the membrane bound receptor because the three-dimensional arrangements of the compounds and amino acids are also important.
